Abstract. Within the framework of the Liverpool Lung Project (LLP), population-based case-control and prospective cohort studies are in progress to identify molecular and epidemiological risk factors and define populations and individuals most at risk of developing lung cancer. This report describes a strategy for selection of a high-risk population and further provides support for the inclusion of occupational and genetic risk factors in future models. Data from the case-control study (256 incident cases and 314 population controls) were analysed to define a high-risk population. Detailed lifestyle and occupational information were collected during structured interviews. Models were constructed using conditional logistic regression and included terms for age, tobacco consumption and previous respiratory disease. Smoking duration was chosen as the most important predictor of lung cancer risk [>50 years (OR 15.65, 95% CI 6.10-40.15)]. However, such a model would preclude younger individuals. Several combinations of previous respiratory disease were also considered, of which a history of bronchitis, emphysema or pneumonia (BEP) was the most significant (OR 1.86, 95% CI 1.28-2.69). A high-risk subset (based on combinations of smoking duration and BEP) was identified, which have a 4.5-fold greater risk of developing lung cancer (OR 4.5, 95% CI 2. 33-8.68). Future refinement of the risk model to include individuals occupationally exposed to asbestos and with the p21 genotypes is discussed. There is real potential for environmental and genetic factors to improve on risk prediction and targeting of susceptible individuals beyond the traditional models based only on smoking and age. The development of a molecular-epidemiological model will inform the development of effective surveillance, early detection and chemoprevention strategies.
Introduction
Lung cancer is the most common cancer in the world, both in terms of incidence (1.35 million new cases, representing 12.4% of all new cancers) and mortality (1.18 million deaths, or 17.6% of the world total) (1) . Large geographical differences exist in the levels and trends in both men and women. In men, the incidence rate, including all histologic types, varies up to 35-fold between high and low-risk areas. Males consistently show higher lung cancer incidence than females in all populations, with male:female ratios varying approximately from 1.5 to 20 (2) . In recent years a rapid increase in lung cancer incidence has been observed among women in developed countries, contrasting with a levelling off or decrease among men (3, 4) . Both geographic and gender disparities are mainly due to differences in patterns of tobacco smoking (5) .
Detection of lung cancer usually occurs late in the disease when it is beyond effective treatment; consequently, there is a high mortality rate. More than 40% of all lung cancer patients present with metastasised disease at diagnosis (6) . In these clinically advanced tumour stages, long-term survival is rarely achieved with conventional cytotoxic agents (7) . Individuals at high risk for specific cancers such as non-small cell lung cancer have, apart from smoking cessation, no options to reduce their steadily increasing risk (8) . Long-term and heavy smokers who give up smoking do experience a reduced relative risk, but the absolute risk remains high for years after giving up (9) . The way forward for improved management and prognosis for individuals at high risk probably lies with early detection of disease. New molecular approaches provide potential hope for early diagnosis and screening of high-risk individuals, determination of prognosis and identification of innovative treatments (10) . At the same time, modern imaging technologies afford hope of effective early detection (11) . However, this solution can only be viable in health economic terms through accurate stratification of risks and monitoring of those at high risk.
While more than 80% of people who develop lung cancer are current or former smokers, only a minority of smokers develop lung cancer. To better understand the aetiology of lung cancer and to more effectively target high-risk individuals for prevention and screening interventions, it is important to identify factors that influence a smoker's risk of developing lung cancer (12) . Several studies have suggested that prior lung diseases, such as asthma, chronic bronchitis, emphysema, pneumonia, tuberculosis, hay fever and impaired pulmonary function may modify lung cancer risk (12) (13) (14) (15) (16) (17) (18) (19) (20) . The association between occupational exposure and lung cancer has also been investigated. Results on occupations known to entail exposure to lung carcinogens consistently indicate an association, but there is wide variation in the magnitude of the risk estimates, probably because of changes in industrial processes over time and between countries (21) . Approximately 14% of lifetime smokers develop lung cancer and 10-15% of all lung cancers occur among non-smokers (22, 23) . These figures suggest that there are individual differences in susceptibility to lung carcinogens and that these individual differences may be the result of genetic predisposition to lung cancer (24) . Results from several studies of familial clustering and segregation analyses are indicative of an inherited component to lung cancer risk (25) (26) (27) (28) (29) (30) (31) .
Given that the causes of common cancers may have their basis in environmental exposures occurring in the genetically predisposed host, it is essential that we are able to study the interaction between lifestyle factors and susceptibility genes to produce a risk assessment model. The Liverpool Lung Project (LLP) is conducting population-based case-control and prospective cohort studies to identify risk factors and define populations and individuals most at risk of developing lung cancer. The ultimate aim of the LLP will be to develop a model which predicts risk from epidemiological risk factors such as smoking and occupational exposures, from genetic/ molecular factors and from changes in phenotypic biological markers. For the last purpose, it is necessary to have serial biological samples within the cohort study. For economic reasons, we propose to take such samples on a very high-risk minority of the cohort study members. In this report, we discuss the options involved in selecting such a group and the issues which arise in the exercise. We describe a strategy for selection of the high-risk subgroup based on interim results from the case-control study with respect to smoking and history of respiratory diseases. In addition, we suggest how the inclusion of occupational and genetic factors might enhance the process of selecting a high-risk population.
Materials and methods
We aim to recruit 800 lung cancer cases and 1,600 population controls to the case-control study. Structured questionnaires collect detailed information on lifestyle factors (active and passive smoking, medical history, family history of cancer, occupation and residence) over the whole life course. Blood and sputum is collected from each individual for DNA extraction and genotyping. In the cohort study, it is planned to recruit 7,500 individuals and follow them up over a 10-year period. By recruiting these individuals from particularly high-risk areas within the Liverpool region, we expect to observe a relatively high yield of lung cancers. Detailed lifestyle, residential, and job history data are also collected over the whole life course for cohort study members, and will therefore provide prospective validation of the results of the case-control study. In addition, we plan to take serial biological samples (blood and induced sputum) from a high-risk subgroup of the cohort, comprising of between 20 and 30% of the study population. The Liverpool Lung Project protocol has been approved by Liverpool, South Sefton and St. Helens & Knowsley local research ethics committees (32) .
Newly diagnosed cases of primary lung cancer are recruited through specialist NHS chest clinics. Inclusion in the study is dependent upon histological or cytological confirmation. Eligible cases are recruited within three months of diagnosis, as a result, only a minority of cases died before interview and next-of-kin interviews were not required. Population controls were selected from registers of General Practitioners. Given the strong association between lung cancer and age and gender, two controls per case were matched on this basis (+/-2 years). We used an interim analysis of the case-control recruits in Table I . Distribution of select characteristics of lung cancer cases and controls. 
2004 to define the high-risk subgroup. The analyses included 256 lung cancer cases and 314 population controls (with either one or two controls per case). The aim was to delineate a high-risk subgroup based on smoking history and on personal history of respiratory diseases.
Smoking history. Lifetime smoking histories were recorded, including age at starting and stopping each smoking epoch, and amount smoked per day during each epoch (a smoking epoch being defined as a period in which the individual's reported type of cigarette and daily consumption remained constant). The risk factors derived from this included: i) ever smoked (never-smoker defined as someone who had smoked less than 100 cigarettes in his or her lifetime); ii) current smoker (yes or no); iii) duration of smoking (years); iv) pack-years (calculated from the number of cigarette packs (of 20) smoked per day and years of smoking); v) amount smoked (average number of cigarettes per day).
Respiratory disease. The various categories of respiratory disease considered in the analyses included: history of: i) bronchitis or emphysema (BE); ii) bronchitis, emphysema or asthma (BEA); iii) bronchitis, emphysema or pneumonia (BEP); iv) bronchitis, emphysema, asthma or pneumonia (BEAP); v) history of any respiratory disease (ANY).
Statistical analysis. Data were analysed by conditional logistic regression (33) . This allows for multivariate effects on risk and takes into account the matched design of the case-control study. For categorical analyses, exposure categories were based on tertiles of the distribution among exposed controls, and individuals never exposed to the risk factor under study comprised the reference category. Conditional logistic regression models were fitted to the data, estimating odds ratios (OR) and 95% confidence intervals (CI). Models included terms for age, tobacco consumption (5 categories) and previous respiratory disease (5 categories).
Results
There was no appreciable difference in age between cases (mean 66.1; SD 8.7) and controls (mean 64.7; SD 9.0) ( Table I) . Table II . Effect of various measures of smoking history on risk of lung cancer. 
.4% of the cases were never smokers compared to 28.3% of the controls. Both cases and controls reported a high lifetime prevalence of bronchitis (case, 40.6%; control, 32.8%) and pneumonia (case, 25.8%; control, 14.6%). Table II shows the unadjusted association of each measure of smoking history with lung cancer. All measures were significantly associated with increased risk of disease. Smoking duration was chosen as the most important predictor because it was the most significant both in terms of the p-values from a trend test (p<0.000) and of the highest odds ratio between lowest (OR 1.51, 95% CI 0.62-3.69) and high-risk groups (OR 15.56, 95% CI 6.10-40.15) (with fewer categories than pack-years or amount smoked). Table III shows the unadjusted association of each measure of respiratory disease with lung cancer. The factor BEP shows the most significant effect, the highest odds ratio (OR 1.86, 95% CI 1.28-2.69) with similar attributable risk fraction (AR=25%) as BEAP and ANY. In the last respect, BEP betters BEAP and ANY in specificity since it attains the same AR of 25% with smaller control prevalence. None of these factors were significant when adjusted for smoking duration.
Based on these results, it would seem reasonable to define the high-risk subset in terms of smoking only. Given that the strongest predictor of lung cancer amongst the smoking variables is total duration of smoking, the logical course would be to base our population on smoking duration.
Based on the controls, selecting individuals who have smoked for 40 years will result in a subset of around 20% of the study population. The majority of the cases would be observed in this subset (stratified by smoking duration).
However, in order to have smoked for at least 40 years, an individual will almost certainly be elderly (Table II) . Indeed, of the 66 controls with more than 40 years of smoking 71% (47 individuals) are aged 65 or over. To include a number of younger individuals in the high-risk subset, we factored the various combinations of respiratory disease (BE, BEA, BEP, BEAP, ANY) into the regression model. The respiratory disease measure with the highest relative risk (OR 1.86) and lowest p-value (p=0.0001) is bronchitis, emphysema or pneumonia (BEP). Table IV shows BEP by case-control status and the joint effect of BEP and smoking duration in Table III . History of respiratory disease and risk of lung cancer.
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BE, bronchitis or emphysema. BEA, bronchitis, emphysema or asthma. BEP, bronchitis, emphysema or pneumonia. BEAP, bronchitis, emphysema, asthma or pneumonia. ANY, history of any respiratory disease. Table IV . History of BEP by case-control status and effect of BEP and smoking duration in individuals aged less than 65 years. 
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individuals less than 65 years. Including all individuals with BEP would result in the subset being too large. Therefore we combined smoking status and history of BEP. Selecting individuals with a history of BEP and more than 20 years of smoking resulted in 16% of total subgroup aged less than 65 years.
The following criteria were therefore used for the selection of a high-risk subset: i) individuals aged 65 or more with more than 40 years of smoking; ii) individuals aged less than 65 with a history of BEP and more than 20 years of smoking. Overall, this selects a high risk subgroup of 26% of the population. On this basis, this subset will have a 4.5-fold risk of developing lung cancer (OR 4.50, 95% CI 2.33-8.86) (p<0.01). Between 60 and 70% of lung cancer cases would be expected to develop in this group, of which 36% will be less than 65 years old.
Discussion
The above selection strategy would yield a high-risk subset, based on age, smoking duration and history of respiratory disease, of 26% of the population in which 60-70% of the lung cancer cases would arise. A more compact risk group of 21% of the population, with 57% of the cases, could be selected based on smoking duration alone, but this would have confined the age structure of the high-risk subset to the elderly.
Published models of individual lung cancer risk have tended to concentrate on smoking and age (11) . However, despite the predominant role of smoking in the causation of lung cancer, other contributing agents also exist. It is therefore worth considering how such models might be improved upon by inclusion of occupational carcinogens and genetic markers.
In this case-control study, detailed occupational information was collected from cases and controls during structured interviews. For each job held, an expert assessed the probability, intensity and duration of exposure to 70 agents or groups of agents on the basis of specialised occupational questionnaires (34) . Table V shows the odds ratios associated with workplace exposure to relatively prevalent occupational carcinogens, after adjustment for smoking and history of BEP. Thus, even after taking smoking into account, the most important risk factor for lung cancer, occupational exposures, notably asbestos (OR 2.08, 95% CI: 1.25-3.45), adds further significant information on risk. Changing the high-risk group selection to include all of those who have smoked for at least 25 years, 
Adjusted for smoking and history of bronchitis, emphysema or pneumonia (BEP). and who have either been exposed to asbestos or have had one of BEP would yield a high risk group of 26% of the population. This group would contain 60-70% of the lung cancer cases. Around 40% of the members of the risk group would be expected to be aged 65 years or less. The considerable effort required to collect detailed job histories and assess occupational exposure would prohibit the use of this methodology for the selection of high-risk individuals within a general population setting. However, since it would only be required in those already satisfying the criteria of 25 years of smoking, it might be practical as part of a risk assessment strategy. Alternatively, the results from expert assessment could be used to develop a general population job-exposure matrix to identify individuals with exposure to occupational carcinogens significantly associated to lung cancer e.g. asbestos.
In a separate analysis of 250 cases and 500 controls, we have estimated the effect on lung cancer risk of the CDKNIA promoter polymorphism rs4135234 (Liloglou, unpublished data) . Overall, this suggests a significantly increased risk of lung cancer for individuals with GA or AA genotypes. Furthermore, we have observed a significantly increased risk amongst individuals who have a history of pneumonia or tuberculosis. The CDKN1A gene has a key role in the cell cycle control as its encoded protein p21 inhibits multiple cyclin/cyclin-dependent kinase complexes, namely Cyclin D/CDK4,6, Cyclin E/CDK2 and Cyclin A/CDK2. It is also involved in apoptosis control in p53-dependent and p53-independent manner. Thus, one could hypothesize that the transcriptional activation of CDKN1A following DNA damage is very important in the response of the cell to carcinogen exposure. The G/A polymorphism that has been identified in the promoter region (35) is therefore of interest as it may affect transactivation by p53 due to its high proximity to one of the p53 binding sites in CDKN1A promoter. This suggests that there is scope for genetic effects to further refine risk group selection. As with occupational exposures, genotyping would not be feasible on a population basis, but it might be possible in a small subgroup of long-term smokers, for example. It should be noted that neither the purpose nor the likely outcome of research into genetic risk markers is to identify a population who may smoke without fear of developing lung cancer. The most effective action to reduce the risk of lung cancer is not to start smoking, and in the case of smokers, to stop. The genetic factors identified so far have not had an effect on risk even approaching the magnitude of that of long-term smoking, and no genetic effects have been identified which approach nullifying the substantial risks associated with smoking. The point of such research is to further refine estimates of individual risk, so as to ensure the cost-effectiveness of future early detection and chemoprevention interventions, both in terms of the healthcare burden and the benefit/risk ratio of the individuals concerned.
Currently Spiral CT imaging would appear to be the best clinical modality for identifying very early lung cancer (36) . However, the future lies in identifying individuals who are at risk of developing disease prior to its actual inception. Field and colleagues (37) have developed a decision-making paradigm which assimilates this rationale (Fig. 1) . In the first instance, high-risk populations would be identified through epidemiological risk factors such as those described in this report. High-risk individuals would subsequently be asked to provide a blood specimen from which lung cancer susceptibility markers (i.e. SNPs) would be identified. Detection of biomarkers in serum or plasma and bronchial lavage or induced sputum constitutes the third and fourth stage, respectively. The cumulative risk of developing lung cancer at this point would trigger clinical investigations through Spiral CT imaging. Field and colleagues postulate that the combined results of imaging and molecular-pathological investigations will determine the individual's future lung cancer treatment regime. Several molecularly targeted therapies are currently being evaluated to determine whether they might play a preventative role in high-risk individuals (38) .
In conclusion, there is real potential for environmental and genetic factors to improve on risk prediction and targeting of susceptible individuals beyond the traditional models based only on smoking and age. Advances in genetics have made studies incorporating information on exposure and genotype feasible and represent the next logical step in understanding the factors determining or predicting the outset of lung cancer. The eventual understanding of the genetic and environmental basis of lung cancers will not only enable us to identify high-risk populations but to develop effective prevention, early detection and chemoprevention strategies.
